ABSTRACT
Introduction
Silicate, aluminate and aluminosilicate melts are of great importance in both geology and industry because they are the most frequently used components of glasses, ceramics and molten slags. Among them, the calcium aluminosilicate (CAS) ternary system is especially attractive. For example, some CAS glasses are good candidates for the storage of nuclear waste and a wide range of other technical applications due to their outstanding mechanical and optical properties [1] [2] [3] . The slags composed of the ternary melts are also widely used in ironmaking and steelmaking processes [4] . Knowledge of physical and chemical properties of aluminosilicate liquids is fundamental for optimizing compositions and conditions for the production of particular glasses and slags. Since the macroscopic properties are determined by the system's microscopic processes, it is important to acquire the atomic-scale structure and dynamics information, such as self-diffusivity, which has been studied through various sorts of techniques [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, the changing regularity of self-diffusion coefficient with varying Al 2 O 3 / SiO 2 ratio at a constant CaO mole fraction has not been investigated so far.
The steels containing high amount of aluminum such as transformation-induced plasticity assisted steels (TRIP steels) are recently widely applied in lightweight automotive industry because of their high auxiticity and excellent deformability [14] . The SiO 2 contained in the slags is expected to react with the additional Al in the steel and this reaction will increase the Al 2 O 3 /SiO 2 ratio and cause considerable changes in structural and thermophysical properties of slags during the casting process.
One such property is the viscosity of the molten slags which can be interpreted and predicted by self-diffusion constants of involved atoms. Therefore, understanding the mechanisms of self-diffusivity and its variation tendency with compositions in CAS slags is of crucial scientific and practical interest. In general, self-diffusivity is calculated by the mean square displacement (MSD), elucidated as the mobility of the cations and anions in a certain slag system where no chemical gradients exist [15] and are basically determined by the DOP [16] . DOP is further parameterized in accordance with the mean number of NBOs per tetrahedrally coordinated network-forming cation, or by the relative mole fraction of Qn species, where Qn refers to tetrahedral Si or Al groups with n numbers of bridging oxygens (BO) [17] . It is well known that the [SiO 4 ] and [AlO 4 ] tetrahedra in CAS system are the fundamental structural units, giving rise to the cooperative movement of Si, Al, and O atoms. In fact, structural defects such as oxygen triclusters [18, 19] , 5-coordinated Al [20, 21] also occupy a considerable quantity and have deep influences on the self-diffusivity of Si, Al, and O. The mobility of Ca atom varies as the role of Ca in the 3-dimensional network shifts from network modifier to charge compensating for [ AlO 4 ] tetrahedra with the decreasing CaO/Al 2 O 3 mole ratio, accompanied by the variation of coordination condition around Ca atoms. In this paper, MD (Molecular Dynamic) simulation is applied to the CAS slags at a fixed CaO content of 30% and various molar ratios between SiO2 (64% to 24%) and Al 2 O 3 (6% to 46%) to promote understanding the cooperative mechanism of self-diffusivity of different atom species and the change of self-diffusion coefficients of four types of atoms with varying Al 2 O 3 /SiO 2 ratios. These studies may provide some clues to the approach of controlling the slags used in casting steels containing high amount of aluminum.
Simulation Method
The MD simulations were performed on 11 slag samples with a fixed CaO concentration and varying Al 2 O 3 /SiO 2 mole ratio which is a simplification of a mold slag that is currently under trial in the casting process of TRIP steels. For every sample about 4000 number of atoms were placed in a cubic box. The details of the simulated compositions are summarized in Table 1 .
A simple interatomic potential function of the BornMayer-Higgins (BMH) type which has reproduced the major structural features of CAS melts and glasses [12, [22] [23] [24] was applied and given below:
where the terms represent Coulomb interaction using the standard charge of each element and repulsive interaction, respectively. Here U(r ij ), q i , and r ij denotes pair potential, net charges and the distance between atoms i and j. Listed in Table 2 are adjustable values of parameters A ij and B ij which have been proven successful in the simulation of aluminosilicate slags [23, 25] . Coulomb interactions were taken into account by means of Ewald method and a cutoff distance of 10Å was used in evaluation of the repulsive forces. Periodic boundary conditions were introduced to all faces of the simulating box to create an infinite system without boundaries. The leap frog integration method was applied to the simulation and the initial velocities were drawn randomly from a Maxwell-Boltzmann distribution. Before the simulation starts, the equilibrated slag samples at 5000 K have been obtained by both relaxing a random configuration for 30,000 time steps (the time for each step is 1 fs) and a Metropolis Monte Carlo method. Subsequently, the sample was cooled down from 5000 K to 2000 K in steps of 500 K in NVT ensemble and the total potential energy was relaxed for 20 ps between every two cooling steps. Then the temperature was fixed at 2000 K for another 30,000 time steps. Finally, the position coordinates at the end of the cooling runs were used as the initial conformation for the following simulation of 100,000 time steps at 2000 K. In this period the MSD was calculated and the microscopic structural information was collected to do further analysis. atom during a fixed time t and was defined:
Results and Discussion

Mean Square Displacement
where r i (t) is the position of an atom at time t and the angular brackets imply an average over all the atoms. The MSD is given by summing the square of distance between the atom's positions in different time steps and dividing by the number of atoms (N).
At each state point in the final 100,000 time steps, the MSD of a particular species is accumulated from the atom trajectories, and the variation of MSD depending on the simulating time is therefore acquired, as illustrated in Figure 1 . Attention should be paid that the curves are plotted logarithmically for CAS7 with timescale shifting from femtosecond to 100 ps. Three different regimes with distinguishing features are identified for each atom, as many previous works have demonstrated [12, 26] . At very short times (<1 ps) for all the 11 samples, atoms move on ballistic trajectories by virtue of the primary effect of inertia, which is reflected by MSD ~ t 2 and recorded in Figure 1 for all atoms to 0.15 -0.2 ps. Following the ballistic regime is the anomalous "sub-diffusive" regime related to the plateau on curves. This phenomenon in atomic diffusion can be interpreted from a qualitative microscopic viewpoint by "cage effect" on oxygen that O atoms are provisionally confined to cages defined by O, T (Si or Al), and Ca sub-lattices for certain periods [12, 26, 27] . During this detention period, MSD barely changes with time because the oscillatory movement of trapped O atoms makes little contribution to its displacement. Furthermore, since the neighboring atoms making up the cages are themselves caged by surrounding atoms, plateaus are observed on other three curves with different time scale. According to Morgan and Spera's works focusing on CaAl 2 Si 2 O 8 glass [26] , the ex- tension of plateau is strongly temperature-depended and sub-diffusion becomes more pronounced at lower temperatures. For instance, the plateau doesn't even appear after ballistic regime at ~5000 K, while the sub-diffusive regime dominates and extends out beyond 50 ps or exceeds the duration of the simulations at low temperatures. In our work the plateau of Ca maintains from 0.2 ps to 10 ps. Cooperative rearrangement of atoms is required for liberation of the imprisoned atom, and the diffusive regime is therefore attained. In this region Einstein random walk governs the atomic motion and the slope of the MSD is proportional to the self-diffusion coefficient (MSD ~ t, ΔMSD/Δt ~ D).
Self-Diffusion Coefficients
Cooperative Motion of Si, Al, and O
As one of the most crucial transport properties of molten slags, self-diffusion coefficient (D) of a tagged particle could be obtained from the MSD at long times by use of the Einstein's equation:
D is calculated from the slope of the MSD in the long-time diffusive regime defined earlier and method [6] and simulated results by Tandia et al. [15] , and also agrees well with the ordering of the elemental propensity by Vargheese and co-workers [27] . 4 ] tetrahedron. Similar result was reported by energy-dispersive x-ray diffraction experiments [29] . On the curve for CAS8, the peculiar peak accompanied by a distinct shoulder appears as the content of SiO 2 and Al 2 O 3 is approximately equivalent, as illustrated in Figure 3(b) . The first peak of CAS8 is fitted with multi Gaussian peaks whose peak values equal to 2.60 Å and 2.86 Å, respectively. Since the O-O peaks in RDF provide the detailed information about what is the major structural unit in the network, it has been proven that the fundamental motion units in slags are [SiO 4 ] and [AlO 4 ] tetrahedra and O atoms move cooperatively with network formers.
Degree of Polymerization
DOP is a convenient parameter with which the nanoscale structures and macroscopic properties can be described and predicted. The variation of the diffusivity with composition is generally explained from several aspects, 2.0x10 -7 3.0x10 -7 4.0x10 -7 5.0x10 -7 6.0x10 shoulder Investigation of Self-Diffusion and Structure in Calcium Aluminosilicate Slags by Molecular Dynamics Simulation
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and one of the most elementary and essential one is the DOP of the slag network, which is usually presented by number fraction of NBO and distribution of Q n species. Figure 4 shows the mole fraction of NBO varying with increasing Al 2 O 3 concentration. The proportion of NBOs declines prominently from 28.5% to 5.9% with the substitution of Al 2 O 3 for SiO 2 , which is identical with the traditional concept that the T-O-T linkages tend to be broken by Ca to form NBOs when the content of Ca exceeds that needed for charge balancing. However, NBOs still exist in the slags even when CaO/Al 2 O 3 ratio is equal or less than 1 in CAS7 to CAS11, as previous works have demonstrated [30] . , which is a little larger than the absolute measured values [6] . The decrease in diffusivity for O can be directly attributed to the reduction of NBOs, which leads to a rise in the number of rigid constraints on both oxygen and associated silicon. Despite the small fraction, NBOs are divided into two groups, namely Ca-O nb -Si and Ca-O nb -Al, and NBOs always prefer to be localized on Si to form Ca-O nb -Si according to 17 O MAS NMR spectra [31] , high-energy x-ray diffraction [32] to CAS7) is basically caused by an increase of the network stability as a whole, and similar conclusion was obtained by other researchers [27] .
Oxygen Triclusters and 5-Coodinated Al
Although the DOP of the slag network increases monotonously with a dramatic decline in the proportion of NBO, the diffusivities of the four atomic types exhibit anomalous changing regularity with composition, especially in the last few slag samples where CaO is insufficient to provide charge compensating for [AlO 4 ] tetrahedra. It is shown in Figure 2 that D Al and D Ca pass through shallow minimums in CAS8 and CAS7, respectively, while D O and D Si tend to remain invariable with composition in last four slags, suggesting that the selfdiffusion is also influenced by other factors. Oxygen triclusters (O atoms bonded with three network formers) and 5-coodinated Al have been widely investigated concentrating on their existence, conformation mechanism, quantities and effects on dynamics properties [20, 23, 24, 33] . They are often treated as the structural defects since O atoms are mostly linked with one or two network formers and Al are normally tetrahedrally coordinated with O, as stated in other literatures [15] , these defects are likely to play a nonnegligible role in the diffusion process of CAS slags besides DOP. Number fractions of triclusters are traced and presented in Figure 4 with a prominent increase from 0.5% to 24% with the increase of V together with oxygen triclusters will provide charge compensation for CAS systems [15, 34] . This part of Al is supposed to turn to network modifiers from network formers, enhancing the diffusivity for Al V drastically. Therefore, a tender but significant increase of the diffusivity for Al in last four slag samples is observed as a result of the sudden increase in the concentration of Al V .
Bonding and Coordinating Conditions of Ca
The diffusivity of Ca reaches its minimum in CAS7 and possesses an increasing tendency afterwards. In general, Ca atoms associated with NBOs around Si atoms are less mobile than those playing a charge balancing role around 
